Materials possessing gradients in composition or structure are of interest for a range of applications, including the construction of functionally graded structural materials, 1,2 as novel sensor and actuator platforms, 3 and to control the sitespecific binding of proteins and cells on surfaces. 4 Gradients can also be used as sample libraries for combinatorial materials discovery that present an extremely dense sample set. 5 Combinatorial libraries are frequently constructed through sequential "split and pool" or "split and mix" processing steps that generate large but discrete sample libraries. 6 Ultimately, these library formats represent incomplete data sets that miss potentially active materials existing between the discretely prepared zones. Here, we show a novel gradient fabrication technique for the construction of highly dense sample libraries that exploits solution diffusion followed by electrodeposition to construct a surface gradient. We illustrate the capability of this method for combinatorial discovery of heterogeneous catalysts by interrogating a platinumruthenium composition gradient for its activity toward hydrogen oxidation with a reactivity-mapping technique based upon the scanning electrochemical microscope.
The discovery of improved catalysts for low-temperature fuel cells is a particularly promising application of combinatorial materials discovery. 7 In fuel cells, carbon monoxide (CO) poisoning represents a major problem because CO is often present in the anode feed as a result of upstream reforming or is produced as an intermediate during the direct oxidation of liquid fuels. 8, 9 During hydrocarbon reforming, the amount of CO produced can exceed 100 ppm, which is well above the acceptable tolerance limit for single-phase Pt catalysts. 9 The addition of oxophilic elements, such as ruthenium (Ru), molybdenum (Mo), osmium (Os), and tin (Sn), to platinum can improve poison tolerance. 9 These additives typically form surface oxides more readily than Pt and, therefore, oxidize CO from the catalyst surface at lower potentials to liberate catalytically active sites. 10 Given the large number of candidate metals and the vast composition space that must be sampled to thoroughly investigate the potential binary, ternary, and quaternary catalyst candidates, combinatorial methods may prove the only practical discovery method.
Although array-based samples are the most commonly used library platform in combinatorial catalysis studies, gradients are particularly appealing in that a complete and highly dense composition spread can be constructed. A variety of methods for the construction of gradients have been reported, including liquid and gas diffusion, 4, 11, 12 diffusion in microfluidic networks, 13 STM-based replacement lithography, 14 physical vapor deposition at oblique angles of incidence, 4, 15 and imposed electrochemical 16, 17 or electric fields. 18, 19 Gradients have been used for numerous applications, including the study of protein interactions with surfaces, 12 induced motion of liquid drops, 11 demixing in lipid bilayer membranes, 19 substrate-induced liquid crystal orientation, 15 imaging the spatially controlled oxidation of hydrogen peroxide, 16 and studies on spatially localized metal deposition. 16, 17 Recently, combinatorial studies have demonstrated the use of gradient libraries to examine temperature-and thicknessdependent polymer thin-film dewetting, 20 construct phase diagrams, 21 study mushroom-to-brush crossover in surface anchored polyacrylamide films, 22 and perform coveragedependent reactivity mapping of heterogeneous catalysts. 17 In the fabrication method described here, a surface gradient is created by controlled diffusion of precursor materials into a swollen polymer gel. 23, 24 Specifically, a binary composition gradient is produced by diffusion of a solution containing the salt of a second metal (N n2+ ) into a gel containing a uniform concentration of a salt of the first metal (M n1+ ) in its matrix (Scheme 1). Diffusion is carried out in a controlled humidity enclosure to prevent shrinkage of the gel. Following diffusion, the metal ions are electrochemically reduced onto the surface of a conductive substrate while the substrate is immersed in a conductive electrolyte. Removal of the gel leaves a composition gradient of the binary catalyst system M x N y on the substrate.
A binary Pt x Ru y composition gradient was constructed as a model system. An optical image of a typical gel construction depicts an aqueous solution of RuCl 3 diffusing into a 3% agarose gel that was previously loaded with H 2 PtCl 6 ( Figure 1 ). The RuCl 3 solution is injected from a small glass * To whom correspondence should be addressed. E-mail: hillier@ iastate.edu.
Scheme 1. Schematic of Gradient Fabrication by
Gel-Transfer Deposition capillary positioned at the center of a rectangular section of gel. Diffusion is allowed to proceed for a period sufficient to establish a spread of Ru 3+ within the gel. Following removal of the capillary tube, the gel assembly is immersed in a standard three-electrode electrochemical cell, and the gradient in Ru 3+ and Pt 4+ precursor salts in the gel are electrochemically reduced to metal on the electrode surface. The gel is subsequently removed to leave the metal deposit on the substrate. 25 Notably, this fabrication method can be performed with any combination of precursor metal salts as long as they are electrochemically reducible and soluble in the gel. Figure 2a shows a Pt x Ru y gradient formed on an anindium-tin oxide (ITO) substrate using this gel-transfer deposition technique. Scanning electron micrographs ( Figure  2b and 2c) of a representative region on the surface illustrate the higher resolution sample structure. A banded pattern can be seen at these magnifications, which arises from a predeposited photoresist mask. The ITO substrate was photolithographically patterned to expose a series of conducting ITO regions separated by insulating photoresist. 26 The photoresist was subsequently removed to provide isolated zones of catalyst along the composition gradient, which was necessary in order to prevent any cross-communication via surface diffusion between various catalyst domains. Atomic force microscopy reveals a reasonably uniform particle size distribution with an average diameter of ∼30 nm (Figure 2d ). The composition spread of the Pt x Ru y sample varied from pure Pt at the edges to almost pure Ru at the center (vide infra). Although it has not been verified that these samples represent true metal alloys, similarly coelectrodeposited catalysts have been reported in alloy form. 27 Measurement of the activity of the Pt x Ru y sample toward the hydrogen oxidation reaction was performed using the scanning electrochemical microscope (SECM). 28 The SECM consists of a three-dimensional positioning system that scans an ultramicroelectrode (UME) tip across a substrate at fixed separations while measuring electrochemical current at tip and substrate. Variations in the tip current provide information about reactions occurring at the tip and substrate as well as information about the solution in the tip-substrate gap. SECM has become a routine analytical technique that can perform a range of analyses, including topographic imaging of conductors and insulators; imaging of composition and reactivity in biological systems, including cells and enzymatic reactions; measure kinetics; and detect transport through membranes. 29 In this work, the SECM is used to locally probe catalytic activity. The ability to spatially control the probe tip over a catalyst surface makes it an excellent tool for screening measurements in combinatorial discovery of heterogeneous catalysts. 17, 30 These SECM measurements utilized a 12.5-µm-radius gold tip held at a potential where protons (H + ) in solution are reduced to hydrogen at a diffusion-limited rate (Scheme 2).
At small tip-substrate separations, the tip-produced hydro- 
gen can diffuse to the substrate and be oxidized back to protons.
The increase in proton concentration near a reactive substrate generates an increased tip current that is proportional to the hydrogen oxidation rate at the substrate. Knowledge of the tip-substrate separation, tip size, and the tip current allows one to deduce the rate constant (k s ) for the surface reaction by fitting the data to a well-established theoretical model. 29 Notably, the accuracy of the measured rate constant is independent of tip size. 31 However, smaller tip sizes provide a higher spatial resolution and tend to allow a closer approach to the surface, which increases the range of measurable rate constants.
Scanning the SECM tip in close proximity to a substrate surface using the H + /H 2 probe as the tip reaction provides information about the local catalytic activity of the substrate for the hydrogen oxidation reaction. This is particularly useful for monitoring the kinetics of hydrogen oxidation on a poisoned surface, such as one coated with carbon monoxide. Under these conditions, the tip response is dominated by feedback current due to the hydrogen oxidation reaction. Although the protons generated during CO oxidation could influence the tip response, the presence of only a monolayer of CO on the substrate makes this contribution to the tip current negligible. The spatial resolution of this technique is also particularly appealing for combinatorial studies. On a gradient sample such as the one described here, the SECM reactivity mapping provides a potential spatial resolution that can discriminate between domains on the order of the tip size.
32 Thus, for a 1-in. sample and a 25-µm-diam tip, a single line scan can potentially distinguish between 1200 different catalyst compositions. This information density can be further increased by using smaller tips and scanning over a twodimensional sample.
In this work, reactivity mapping was combined with surface compositional analysis to deduce the composition dependence of catalytic activity. The composition of the Pt x Ru y gradient, as determined using energy-dispersive X-ray spectroscopy (EDS), is depicted in Figure 3a . The sample possesses a continuous variation in Ru content down the length of the gradient. The composition profile exhibits a Gaussian shape, which is consistent with axial diffusion of solute from a point source in a semi-infinite slab of gel. 33, 34 The highest Ru composition achieved in this sample is 95% at the center (∼11 mm), while pure Pt appears at the edges (2 and 19 mm). Several additional samples were prepared in which the salt concentrations, gel composition and diffusion times were varied in order to modify the size and extent of the composition profile. The exposed composition range could be readily varied by changing these processing parameters.
A reactivity map was constructed to elucidate the effect of CO poisoning on hydrogen oxidation kinetics as a function of Ru composition and electrode potential. This was achieved by performing SECM scans over the gradient sample at several different substrate potentials while holding the tipsubstrate separation at a constant value. 35 Figure 3b shows a typical reactivity map for the Pt x Ru y sample in the presence of adsorbed CO. 36 The image intensity is proportional to the hydrogen oxidation rate, whereas the position reflects the composition and applied potential.
At potentials below 0.30 V, the tip current is uniform and small, indicating a low hydrogen oxidation rate. Under these conditions, the entire Pt x Ru y surface is covered with CO, which blocks surface sites required for hydrogen oxidation. Increasing the substrate potential above 0.3 V results in an increase in tip current at select regions of the surface. Increased activity over the background value is first observed at locations of 10 and 12 mm, which represent ∼80% Ru. However, this composition has a very low intrinsic hydrogen oxidation rate as a result of the high Ru content. As the potential is increased to more positive values, additional active zones appear. In particular, two high current zones emerge at positions of 7 and 15 mm at a potential of 0.35 V. These positions reflect the most active catalyst compositions (vide infra). At increasingly positive potentials, the active zones increase in size, which reflects the onset of activity at additional composition values along the gradient. The image appears symmetric about the center, because the Pt x Ru y composition profile is replicated between the left and right sides of the sample.
At sufficiently positive electrode potentials, CO is completely oxidized, and the entire gradient surface is free of adsorbed CO. This is illustrated by the response at 0.65 V. At this potential, the tip current reflects the intrinsic hydrogen oxidation activity of the surface in the absence of adsorbed CO. At this potential, the ITO region, which does not catalyze the hydrogen oxidation reaction, exhibits a small tip current at positions <2 and >19 mm. A variation in hydrogen oxidation rate can be observed at locations between 2 and 19 mm. The Pt-rich regions exhibit a high tip current, indicating a high activity toward hydrogen oxidation. The tip current decreases with increasing Ru and reaches a minimum at ∼11 mm, which corresponds to the region with maximum Ru content. These observations are consistent with the high activity of Pt and the low activity of Ru for hydrogen oxidation. 10, 28 In addition, the formation of ruthenium oxides 
Reportsis illustrated by the decrease in activity with increasing potential for the high Ru content regions near the image center.
The turn-on of activity observed in Figure 3b coincides with the onset of CO oxidation, which frees surface sites for hydrogen oxidation. 37 The origin of this activity is related to the ability of Ru to dissociate water to form surface oxides at low potentials.
Subsequent oxidation of surface CO on neighboring Pt and Ru sites is facilitated by adsorbed OH.
Once CO is removed from active surface sites, hydrogen oxidation can commence. Relatively few CO-free sites are required to provide substantial hydrogen oxidation rates. 10, 38 Therefore, an increase in the hydrogen oxidation rate coincides with the onset of CO oxidation rather than the complete removal of the adsorbed monolayer.
A summary of the reactivity results versus Ru composition is shown in Figure 4 . The intrinsic reaction rate for various locations along the gradient is determined by fitting SECM results acquired in the absence of adsorbed CO. Figure 4a depicts the variation of rate constant for hydrogen oxidation as a function of Ru composition for the Pt x Ru y binary system. At compositions of Ru < 20%, the reactivity is very high. In fact, the measured rate constant for these compositions reaches the diffusion-limited value detectable by SECM in the current configuration, which is in excess of 1 cm s -1 .
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As the Ru content increases above 20%, a near-linear decrease in the reactivity can be observed. The rate constant decreases by more than an order of magnitude at highest Ru content compared to pure Pt. This drop in activity is a consequence of the low intrinsic activity of Ru sites for hydrogen oxidation.
The influence of adsorbed CO on the catalyst activity is summarized in Figure 4b . In this figure, the potentialdependent line scans in Figure 3b are converted into onset potential values. The onset potential was taken as the electrode potential at which the tip current reached at least 50% of the value in absence of adsorbed CO. This was used to indicate when the surface converted from one deactivated by adsorbed CO to one with sufficient free sites to oxidize hydrogen at near-CO-free conditions. A clear variation in onset potential is noted as a function of Ru content. Notably, a decrease of nearly 0.3 V in onset potential is observed for the best Pt x Ru y composition, as compared to pure Pt. The composition range of 20% < Ru < 50% exhibits the lowest onset potential.
The optimal fuel cell catalyst in this system is the one that possesses high activity for hydrogen oxidation as well as the ability to remove CO at low potentials. In other words, the catalyst possessing the combination of a high rate constant for hydrogen oxidation and a low onset potential for CO oxidation should be the optimum for this reaction. Thus, the optimal composition range from these results gives Pt x Ru y catalysts in the range 20% < Ru < 30%. This composition range exhibits superior performance compared to others in this binary composition spread. These results are consistent with prior work involving the sampling of discrete 10 or array-type 28 Pt-Ru catalysts for hydrogen oxidation. Although Figure 4b indicates that CO oxidation commences at the lowest potentials for Ru compositions near 80%, this is a less desirable composition because of the low activity for hydrogen oxidation.
In summary, this report demonstrates a novel method for combinatorial library synthesis based upon a gel-transfer deposition technique. When combined with the reactivity mapping capabilities of the scanning electrochemical microscope, this represents a unique tool for the discovery of fuel cell catalysts and possibly other combinatorial studies. The deposition method provides a simple way to controllably construct high number-density gradient samples. Sample preparation by this method is simple in the manner that it does not involve a large number of physical masking-anddeposition steps or complex mixing and delivery techniques. In addition to combinatorial studies, we anticipate the fabrication and reactivity mapping tools outlined in this study will find application in a variety of fields involving creation and characterization of well-defined and spatially varied heterogeneous surfaces. Figure 3a . The dashed line is the diffusion-limited rate constant reflecting the maximum detectable value of k s with the SECM employed here. The solid line is a linear fit to the data as a guide to the eye showing the decrease in the rate constant with increasing ruthenium content. (b) Onset potential as a function of ruthenium composition. The onset potential was defined as the potential at which the tip current is at least 50% of the value in the absence of adsorbed CO on the catalyst at a given tip-substrate separation.
Ru -OH + CO ads f Ru + CO 2 + H + + e -(4) (Na 2 SO 4 ). RuCl 3 diffused into the gel, creating a concentration gradient of Ru 3+ . The time of diffusion was 60 min in this study. The substrate was then immersed in a solution of 0.1 M Na 2 SO 4 , and a potential pulse program with a square wave with potential limits of 0.5 V and -1.0 V vs RHE and a frequency of 100 Hz was applied for 5 min. This resulted in the reduction of the metal ions on the ITO surface forming a co-deposited PtxRuy catalyst gradient. The agarose gel was removed subsequently by dissolving it in a boiling water bath, leaving behind the metal deposit on the substrate. (26) The ITO substrate was initially patterned using photolithography to expose a series of bands of ∼30-µm width separated by ∼10-µm-wide photoresist bands. A thin layer of the photoresist (Microposit S1813 photoresist, Shipley, Marlborough, MA) was coated on the ITO substrate by spincoating at 1000 rpm. The substrate was soft-baked in a convection oven at 100°C for 30 min. The substrate was then exposed to ultraviolet light for 15 min through a patterned mask (Ronchi slide, Edmund Industrial Optics, Barrington, NJ 5-µm-radius gold UME, the maximum detectable rate constant is 1 cm s -1 , which corresponds to the diffusionlimited detection limit. This means that the actual rate constants for hydrogen oxidation for samples with Ru < 20% are probably higher, but the values detected by the SECM are limited to <1 cm s -1 for the present system.
